INTRODUCTION
domain of vinculin binds to talin (7), which in turn binds to β-integrins, while the carboxy-terminal tail domain binds to actin (8), phospholipids (9) , and paxillin (10) . This arrangement allows vinculin to function as a regulatory bridge between the extracellular matrix (ECM) and the actin cytoskeleton. Disruption of vinculin expression in mice results in embryonic death with severe defects in cardiac and brain development (11, 12) . Cells depleted of vinculin have a reduced ability to adhere to a variety of ECM proteins, increased migration rates, and fewer and smaller adhesion sites compared with wild-type cells (12) (13) (14) . In addition to the profound roles of vinculin in cell adhesion and motility, there might be some tissue-specific functions, which remain to be elucidated. 
Isolation of Primary Chondrocytes
Animal protocols were approved by the Institutional Animal Care and Use Committee.
Primary chondrocytes were isolated from the rib cages of 5-day-old ICR mice following a previous report (15) . In brief, the cartilage dissected from rib cages was incubated with actinase E (2 mg/ml in PBS, Kaken Pharmaceutical Co. Ltd., Tokyo, Japan) for 30 min. at 37 °C, rinsed three times with PBS, treated with collagenase (3 mg/ml, Wako, Osaka, Japan) in 10 ml of DMEM for 90 min. at 37 °C, and then transferred to a 50-ml tube. After pipetting, the tube was stood for 5 min. and the supernatant containing soft tissue was discarded.
The remaining cell clumps were washed and passed through a 100-µm cell strainer. The collected chondrocytes were cultured in DMEM supplemented with 10% FBS and 50 µg/ml of ascorbic acid (Sigma Aldrich).
Organ Culture of Mouse Metatarsals
The organ culture of mouse metatarsals was performed following a previous report (16) . The central metatarsal rudiments were dissected from each hind limb of E15.5 ICR mouse embryos, placed into 48-well plates (designated Day 0), and cultured in αMEM containing 50 µg/ml ascorbic acid, 1 mM β-glycerophosphate, 0.2% bovine serum albumin, and 0.1% penicillin/streptomycin at 37 °C under a 5% CO 2 atmosphere. The medium was changed on Day 2 and Day 4. When viral transfection was performed, the viruses were added to the medium on Day 0 and when the medium was changed.
Gene-Trapping
As the trap vector, we used pPT1-geo, which lacks its own promoter and enhancer, but contains a lacZ gene as a reporter fused to a neomycin resistance gene as a selection marker, which was designated geo (17) . After pPT1-geo was introduced into ATDC5 cells using the Gene Pulser II electroporation system (BioRad, Helcules, CA), neomycin-resistant clones were selected and screened for β-galactosidase activity. Clones with a 10-fold higher level of β-galactosidase activity than the parental ATDC5 cells were then subjected to chondrogenic induction, followed by alcian blue and alizarin red staining to evaluate the production and mineralization of extracellular matrices, respectively.
Cell Staining
The cells were fixed with 95% ethanol and stained with 1% alizarin red S (Sigma Aldrich), β-galactosidase activity was performed using X-gal (Wako) as a substrate.
Southern Blot Analysis
Genomic DNA was extracted from parental 
Assay for Proliferation
The cells were plated onto 96-well culture plates at a density of 1×10 
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Real-time PCR
Total RNA (2.5 µg) treated with DNase (Qiagen) was reverse transcribed using random hexamer (Promega) and SuperScript II (Invitrogen).
PCR was performed using Taq polymerase (Takara) and the specific primer sets summarized in Supplemental The sections were counterstained with hematoxylin.
Cell Attachment Assay
Cells were trypsinized, and the reaction was neutralized with a trypsin inhibitor (Invitrogen).
Then, the cells suspended in serum-free medium (5×10 5 cells) were plated on fibronectin-coated dishes. After 30, 60 or 90 min. of incubation, the non-attached cells were removed by washing, and the attached cells were harvested by trypsinization, and counted.
Cell Migration Assay
To evaluate the ability of the cells to migrate, we performed a wound-healing assay using culture-inserts intended for this purpose (Ibidi GmbH, München, Germany), according to a previous report (18) . Each insert has two wells with a 500-µm gap. The inserts were placed on culture plates, and cells were plated in both wells (7×10 inserts were removed, and cells were incubated at 37ºC in a CO 2 incubator. The cells were subjected to microscopy to evaluate the narrowing of the cell-free gap.
Statistical Analysis
Data were analyzed using the one-way analysis of variance (ANOVA). The method of Tukey was used for post hoc tests. All statistical analyses were conducted using Dr. SPSS II software.
RESULTS

Isolation of the Clone in Which the Gene Encoding Vinculin was Trapped
Since S1 ).
Expression of Vinculin Increased during Chondrocyte Differentiation
Immunostaining with the anti-vinculin antibody was performed using sections of tibiae harvested from E18.5 wild-type mouse embryos.
Chondrocytes were positively stained, and the immunoreactivity was intense in hypertrophic chondrocytes ( Fig. 2B ).
We also examined the temporal expression (Fig. 7A, B) .
Hematoxylin/eosin (HE)-staining of sections cut from the rudiments demonstrated that the columnar proliferation of the chondrocytes was disturbed and the subsequent hypertrophic change was insufficient in the rudiments with the knockdown of vinculin (Fig. 7C, D) . In immunohistochemistry, immunoreactivity with the antibodies against Col II and aggrecan was decreased in the rudiments infected with vinculin-specific miRNA (Fig. 7E, F) . Fig. 8D, E) . We also examined the phosphorylation of some Smads, which was not affected by the dysfunctional vinculin ( Fig. 8B-E) .
The reduced phosphorylation of FAK and ERK1/2 during the chondrocytic differentiation shown in Fig. 8 makes a striking contrast to the increase in adhesion-induced phosphorylation of FAK and ERK1/2 in the cells in which vinculin was knocked down or trapped (Fig. 3) . Therefore, we 
DISCUSSION
The ECM provides a cell type-specific microenvironment, and is recognized and bound by integrins and cell surface transmembrane receptors. anti-vinculin antibodies demonstrated that the phenotypical change of the clone was unlikely to be caused by a gene dosage effect (Fig 1D) . Instead, we assume that the truncated vinculin derived from the trapped allele has acquired a dominant effect (Fig. 3) .
The truncated mutant possesses the head domain the wild-type vinculin and talin (Fig. 3B, I ). This inhibition might be a mechanism for the dominant-negative effect of the truncated mutant.
In our knockdown experiments, we used gene-specific siRNAs and miRNAs for vinculin. To verify that the effects of vinculin-specific siRNAs and miRNAs were not caused by the suppressed expression of so-called "off-targets", we confirmed that the effects could be cancelled by co-transfection of the vectors encoding the cDNA for wild-type vinculin (Fig. 3F, 6A , 6B, 7A, 7B). Therefore, we prefer to think that the observed effects of the siRNAs and miRNAs were exerted by the decreased (34, 35) . In our study, we found that a dysfunctional vinculin affected the MEK/ERK pathway and PI3K/Akt pathway ( Fig. 8B-E) .
Previous studies suggested SHP2 to be a positive regulator in mitogenic signal transduction upstream of ERK1/2 (36,37). However, the phosphorylation of SHP2 at Tyr542, which is responsible for the activation of the molecule, was unexpectedly increased by the knockdown of vinculin (Fig. 8B, C) .
It was previously demonstrated that SHP2 was Metatarsals were infected with the adenovirus encoding control miRNA or vinculin-specific
